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Structure Functions at low QStructure Functions at low Q22

experiment e99experiment e99--118118

experiment e00experiment e00--002002

experiment e94experiment e94--110110

two photon effectstwo photon effects

Vladas TvaskisVladasVladas TvaskisTvaskis
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1. e991. e99--118118
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InclusiveInclusive e + p e + p →→ e + Xe + X Scattering Scattering 

AlternativelyAlternatively::
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Where: Γ = flux of transversely polarized virtual photons
ε = relative longitudinal polarization
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RosenbluthRosenbluth::

Born ApproximationBorn Approximation

MixtureMixture
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Physics at low QPhysics at low Q22 (Overview)(Overview)
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Physics at low QPhysics at low Q22 (Overview)(Overview)

☺☺ FF22(x,Q(x,Q22) ) →→ QQ22 as Qas Q22 →→ 00

☺☺ FFLL(x,Q(x,Q22) ) →→ QQ44 as Qas Q22 →→ 00

☺☺ R(x,QR(x,Q22) = ) = σσLL//σσT T →→ QQ22 as Qas Q22 →→ 00

☺☺ σσγγpp = = σσTT + + εεσσLL →→ σσTT as Qas Q22 →→ 00



January 2006, Hall C, January 2006, Hall C, JlabJlab January 05, 2006January 05, 2006

66

Twist EffectsTwist Effects
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FF22 is usually is usually parametrizedparametrized as: as: 
C(xC(x) characterizes the strength of ) characterizes the strength of 
the twistthe twist--four termfour term
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x < 0.05-0.1  Shadowing
x ≈ 0.1-0.2  Anti-Shadowing 

0.2-0.3 < x < 0.8 EMC Effect
x > 0.8 Fermi Motion 

x < 0.05x < 0.05--0.1  Shadowing0.1  Shadowing
x x ≈≈ 0.10.1--0.2  Anti0.2  Anti--Shadowing Shadowing 

0.20.2--0.3 < x < 0.8 EMC Effect0.3 < x < 0.8 EMC Effect
x > 0.8 Fermi Motion x > 0.8 Fermi Motion 
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Two Methods of Getting R   Two Methods of Getting R   

2d ( )
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Ω E

Rosenbluth SeparationRosenbluth Separation
Requirements:

The same x, Q2 but different ε.

Model Dependent MethodModel Dependent Method

Requirements: Good model for FF22(x,Q(x,Q22))

Using Using σσexpexp and and FF22(x,Q(x,Q22) model, ) model, RR can be can be 
calculated.calculated.
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Experimental Status of Experimental Status of UnpolarizedUnpolarized SFsSFs

F2 well measured - responsible for much understanding of proton structure
Nonetheless, large x, low Q2  region is sparse 
R ( FL), is not at all so well measured (especially large x, low Q2)
Situation is worse for nuclei
If R nonzero, NEED longitudinal / transverse (L/T) separations to extract F2
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At W2 = 4 GeV2 and Q2 < 1 GeV2, F2 will vary by 15% depending on the 
choice of R = 0 or R = 0.2. At higher Q2, this can be as much as 20%.

At WAt W22 = 4 GeV= 4 GeV22 and Qand Q22 < 1 GeV< 1 GeV22, F, F22 will vary by will vary by 15%15% depending on the depending on the 
choice of R = 0 or R = 0.2. At higher Qchoice of R = 0 or R = 0.2. At higher Q22, this can be as much as , this can be as much as 20%.20%.

FF22 Sensitivity on RSensitivity on R
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№№ Beam Beam 
EnergyEnergy

Min Min 
EE’’

MaxMax
EE’’

MinMin
θθoo

MaxMax
θθoo

11 5.6485.648 0.4180.418 5.1325.132 10.6010.60 22.6022.60

22 3.4193.419 0.4400.440 3.2203.220 10.6010.60 52.0052.00

33 2.3012.301 0.4400.440 1.9501.950 10.6010.60 69.0069.00

Targets: H, D, Al, C, Cu, AuTargets:Targets: H, D, Al, C, Cu, AuH, D, Al, C, Cu, Au

e- A e-’ Xee-- A A ee--’’ XX

Kinematical Coverage of e99Kinematical Coverage of e99--118118
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Results from e99Results from e99--118118

R=R=σσLL//σσTT
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Results from e99Results from e99--118118

Ratio of RRatio of RDD/R/RHH
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Results from e99Results from e99--118118

Ratio of FRatio of F22
H H & F& F22

DD
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Results from e99Results from e99--118118

Ratio of Ratio of σσDD//σσHH (F(F22
DD/F/F22

HH))
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Results from e99Results from e99--118118

R=R=σσLL//σσTT
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2. e002. e00--002002
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Kinematics for cross section and L/T separationKinematics for cross section and L/T separation

0.05<Q0.05<Q22<1.7<1.7
0.88<W0.88<W22<8.0<8.0
2.2<E<5.52.2<E<5.5

hydrogen and deuterium targetshydrogen and deuterium targets
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Status of Status of e00e00--002002

►► CalibrationsCalibrations (Yes)(Yes)

►► EfficienciesEfficiencies (Yes)(Yes)

►► Background EventsBackground Events (No/Yes)(No/Yes)

►► Cross SectionsCross Sections (No/Yes)(No/Yes)

►► RadRad. Corrections. Corrections (No/Yes)(No/Yes)

QQ22=0.4(GeV/c)=0.4(GeV/c)22QQ22=0.29(GeV/c)=0.29(GeV/c)22
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3. Two Photon3. Two Photon--EffectsEffects

(experiment e94(experiment e94--110)110)
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Results from e94Results from e94--110110
Systematic UncertaintySystematic UncertaintyR = R = σσLL//σσTT
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Results from e94Results from e94--110110

(F(F11 & F& FLL))

nucl-ex/0410027



January 2006, Hall C, January 2006, Hall C, JlabJlab January 05, 2006January 05, 2006

2323

The Rosenbluth Separation Method 
may be used to extract the form 
factors GE and GM, and hence ratio 
(GE/GM)2 from the ε dependence of 
a reduced elastic cross section at 
fixed Q2

The Rosenbluth Separation Method The Rosenbluth Separation Method 
may be used to extract the form may be used to extract the form 
factors Gfactors GEE and Gand GM, M, and hence ratio and hence ratio 
(G(GEE/G/GMM))2 2 from the from the εε dependence of dependence of 
a reduced elastic cross section at a reduced elastic cross section at 
fixed Qfixed Q22
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Polarization Transfer 
Method

Polarization Transfer Polarization Transfer 
MethodMethod

2
MGτ 2
MGτ
2
MGτ

2
EG 2
EG
2
EG-- interceptintercept -- slopeslope

PPtt –– transverse component of transverse component of 
the final proton polarizationthe final proton polarization

PPll –– longitudinal component of longitudinal component of 
the final proton polarizationthe final proton polarization

θθee –– angle between the initial angle between the initial 
and final directions of the and final directions of the 
lepton.lepton.

With Increasing With Increasing QQ22, the cross , the cross 
section is dominated by section is dominated by GGMM,, while while 
the relative contribution of the the relative contribution of the 
GGEE term is diminishedterm is diminished

Two Methods of Form Factors Two Methods of Form Factors 
Measurements and Two Different ResultsMeasurements and Two Different Results
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Two Methods of Form Factors Two Methods of Form Factors 
Measurements and Two Different ResultsMeasurements and Two Different Results

Large Discrepancy currently 
exist between the ratio of 
electric to magnetic proton 
form factors extracted from 
previous cross section 
measurements (R ≈ 1), and 
that recently measured via 
polarization transfer in Hall 
A Jlab, (R ≈ 1-0.13).

Large Discrepancy currently Large Discrepancy currently 
exist between the exist between the ratio of ratio of 
electric to magnetic proton electric to magnetic proton 
form factorsform factors extracted from extracted from 
previous cross section previous cross section 
measurements (R measurements (R ≈≈ 1), 1), and and 
that recently measured via that recently measured via 
polarization transfer in Hall polarization transfer in Hall 
A A JlabJlab, (R , (R ≈≈ 11--0.13).0.13).

1.  R. C. Walker et al., Phys. Rev. 1.  R. C. Walker et al., Phys. Rev. 
D49, 5671 (1994).D49, 5671 (1994).

2. M. Jones et al., Phys. Rev. 2. M. Jones et al., Phys. Rev. 
Lett. 84, 1398 (2000).Lett. 84, 1398 (2000).

3. O. 3. O. GayouGayou et al., Phys. Rev. et al., Phys. Rev. 
Lett. 88, 092301 (2002); O. Lett. 88, 092301 (2002); O. 
GayouGayou et al., Phys. Rev. C64, et al., Phys. Rev. C64, 
038202 (2001).038202 (2001).

4. M. E. Christy et al., Phys. 4. M. E. Christy et al., Phys. 
Rev. C70, 015206 (2004)Rev. C70, 015206 (2004)

Possible contribution from 2-photons exchange which are not fully accounted for in the 
standard radiative corrections procedure of Mo-Tsai could explain the discrepancy.

Possible contribution from Possible contribution from 22--photons exchangephotons exchange which are not fully accounted for in the which are not fully accounted for in the 
standard radiative corrections procedure of Mostandard radiative corrections procedure of Mo--Tsai could explain the discrepancy.Tsai could explain the discrepancy.
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Vladas TvaskisVladasVladas TvaskisTvaskis

Elastic DataElastic Data QQ22 (Gev/c)(Gev/c)22 №№ of Lof L--TsTs δσδσ/ / σσ LabLab

JanssentsJanssents et al.et al. 0.20.2--0.90.9 2020 4.7 %4.7 % Mark IIIMark III

SLACSLAC

BonnBonn

SLACSLAC

SLACSLAC

JlabJlab

JlabJlab

LittLitt et al.et al. 2.52.5--3.83.8 44 1.7 %1.7 %

Berger et al.Berger et al. 0.40.4--1.81.8 88 2.6 %2.6 %

Walker et al.Walker et al. 1.01.0--3.03.0 44 1.1 %1.1 %

AndivahisAndivahis et al.et al. 1.81.8--5.05.0 55 1.3 %1.3 %

ChrustyChrusty et al.et al. 0.90.9--5.25.2 77 1.3 %1.3 %

QattanQattan et al.et al. 2.62.6--4.14.1 33 0.6 %0.6 %

Inelastic DataInelastic Data WW22 GevGev22 №№ of Lof L--TsTs δσδσ/ / σσ LabLab

LiangLiang et al.et al. 1.31.3--1.91.9 191191 1.7 %1.7 % JlabJlab

DasuDasu et al.et al. 3.23.2--3030 6161 3.0 %3.0 % SLACSLAC

Experiments Included in the AnalysisExperiments Included in the Analysis
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Example Example RosenbluthRosenbluth SeparationsSeparations

Experiment e94Experiment e94--110, 191 LT Separations110, 191 LT Separations

Experiment e140, 61 LT SeparationsExperiment e140, 61 LT Separations
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Analysis and Results (partAnalysis and Results (part--1)1)

( ) ( )[ ]2
210 5.05.01 −+−+⋅= εεσ PPPr

Each data set at fixed QEach data set at fixed Q22 and Wand W22 has been fitted with has been fitted with 
form:form:

In the absence of TPE, In the absence of TPE, PP00==σσTT+0.5+0.5σσ, , PP11==σσLL, and , and PP22=0=0

TPE corrections can modify P0 and 
P1, and may introduce a non-zero 
value of P2, the fractional 
curvature relative to the P0, the 
cross section at ε = 0.5.

TPE corrections can modify PTPE corrections can modify P00 and and 
PP11, and may introduce a non, and may introduce a non--zero zero 
value of Pvalue of P22, the fractional , the fractional 
curvature relative to the Pcurvature relative to the P00, the , the 
cross section at cross section at εε = 0.5.= 0.5.

While P2 represents the fractional curvature, the size of cross section deviations from linearity 
will be much smaller. For P2=10%, the maximum deviation of the cross section from P2=0 would be 
2.5% at ε=0,1. The effect are even smaller if the ε range of the data, ∆ε, is less than one. 

While PWhile P22 represents the fractional curvature, the size of cross section represents the fractional curvature, the size of cross section deviations from linearity deviations from linearity 
will be much smaller. For Pwill be much smaller. For P22=10%, the maximum deviation of the cross section from P=10%, the maximum deviation of the cross section from P22=0 would be =0 would be 
2.5% at 2.5% at εε=0,1. The effect are even smaller if the =0,1. The effect are even smaller if the εε range of the data, range of the data, ∆∆εε, is less than one. , is less than one. 

ElasticElastic InelasticInelastic

‹‹PP22›› = 0.019 +/= 0.019 +/-- 0.0270.027 ‹‹PP22›› = = --0.048 +/0.048 +/-- 0.0360.036

Maximum observed deviation from LinearityMaximum observed deviation from LinearityMaximum observed deviation from Linearity
( ) ( )

8

2
2max

max
ε

σ
σσ ∆

≈
−

=∆
Pfit
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RegionRegion ‹‹PP22›› |P|P22||MAX MAX 95% CL95% CL ∆∆maxmax 95% CL95% CL

ElasticElastic 0.019(27)0.019(27) 0.0640.064 0.8%(0.8%(∆∆εε))22

ResonanceResonance --0.060(42)0.060(42) 0.0860.086 1.1%(1.1%(∆∆εε))22

DISDIS --0.012(71)0.012(71) 0.1460.146 1.8%(1.8%(∆∆εε))22

Analysis and Results (partAnalysis and Results (part--2)2)
This yields limits on the deviations 
of the data from the Rosenbluth fit 
of roughly 0.4% (0.7%) for the 
elastic (inelastic), assuming ∆ε range 
of 0.7

This yields limits on the deviations This yields limits on the deviations 
of the data from the of the data from the RosenbluthRosenbluth fit fit 
of roughly 0.4% (0.7%) for the of roughly 0.4% (0.7%) for the 
elastic (inelastic), assuming elastic (inelastic), assuming ∆∆εε range range 
of 0.7of 0.7

fit

fitDataR
σ

σσ
γ

−
=1

( )2
01 εεγ −+= BAR

In the absence of TPE contributions, one In the absence of TPE contributions, one 
expects Rexpects R11γγ = 0  in every = 0  in every εε binbin

A A ≤≤ 0.05 %0.05 %
RegionRegion BB

ElasticElastic (0.9+/(0.9+/--2.0)%2.0)%

Res. regionRes. region ((--2.3+3/0)%2.3+3/0)%

Inelastic RegionInelastic Region (0.9+/(0.9+/--3.8)%3.8)%

While the limits in table provide the best quantitative 
limits on deviations from linearity, the residuals on the 
right plot give a better idea of the sensitivity of the 

different data sets in different regions of ε.

While the limits in table provide the best quantitative While the limits in table provide the best quantitative 
limits on deviations from linearity, the residuals on the limits on deviations from linearity, the residuals on the 
right plot give a better idea of the sensitivity of the right plot give a better idea of the sensitivity of the 

different data sets in different regions of different data sets in different regions of εε..
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We do not find any evidence for TPE effects. The 95% confidence level upper limit 
on the curvature parameter P2, was found to be 6.4% (10.6%) for the elastic 
(inelastic) data. This limits maximum deviations from a linear fit to ≤ 0.4% (0.7%).      

nucl-ex/0511021

We do not find any evidence for TPE effects. The 95% confidence We do not find any evidence for TPE effects. The 95% confidence level upper limit level upper limit 
on the curvature parameter P2, was found to be 6.4% (10.6%) for on the curvature parameter P2, was found to be 6.4% (10.6%) for the elastic the elastic 
(inelastic) data. This limits maximum deviations from a linear f(inelastic) data. This limits maximum deviations from a linear fit to it to ≤≤ 0.4% (0.7%).      0.4% (0.7%).       

nuclnucl--ex/0511021ex/0511021

Two PhotonTwo Photon--EffectsEffects

Experiment e94Experiment e94--110110

Analysis of the experiment e94-110 is finished. Structure Functions F1, FL, R are 
determined with a high precision in the Resonance region.

nucl-ex/0410027

Analysis of the experiment e94Analysis of the experiment e94--110 is finished. Structure Functions F110 is finished. Structure Functions F11, F, FLL, R are , R are 
determined with a high precision in the Resonance region.determined with a high precision in the Resonance region.

nuclnucl--ex/0410027ex/0410027

Experiment e99Experiment e99--118118

Analysis of the experiment e99-118 is finished for Hydrogen and Deuterium Targets. 
R Does Not go to zero (as Q2 goes to zero), only at very low x there is a hint that R 
goes to zero. Analysis indicates that possibly RH > RD. Still some work to do with 
radiative corrections for heavy targets.

Hydrogen & Deuterium results will be published shortly.

Analysis of the experiment e99Analysis of the experiment e99--118 is finished for Hydrogen and Deuterium Targets. 118 is finished for Hydrogen and Deuterium Targets. 
R Does Not go to zero (as QR Does Not go to zero (as Q22 goes to zero), only at very low x there is a hint that R goes to zero), only at very low x there is a hint that R 
goes to zero. Analysis indicates that possibly Rgoes to zero. Analysis indicates that possibly RHH > R> RDD. Still some work to do with . Still some work to do with 
radiativeradiative corrections for heavy targets.corrections for heavy targets.

Hydrogen & Deuterium results will be published shortly.Hydrogen & Deuterium results will be published shortly.

Experiment e00Experiment e00--0202

Analysis of the experiment e00-02 is on the way. Calibrations, efficiency calculations 
are completed. Still some work to do with CSB and Rad. Corrections.
Analysis of the experiment e00Analysis of the experiment e00--02 is on the way. Calibrations, efficiency calculations 02 is on the way. Calibrations, efficiency calculations 
are completed. Still some work to do with CSB and are completed. Still some work to do with CSB and RadRad. Corrections.. Corrections.
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Radiative CorrectionsRadiative Corrections
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BardinBardin: (TERAD): (TERAD) Only calculates Only calculates 
Internal Internal RadiativeRadiative Corrections Corrections 
(Includes 2(Includes 2--photon Corrections)photon Corrections)

Mo,TsaiMo,Tsai: : calculates Internal & calculates Internal & 
External External RadiativeRadiative CorrectionsCorrections
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